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SUMMARY

As part of the program to determine the performance of the
X24C~2 ten-stage axlial-flow compressor, the stage performence of the

’:‘, it was investigated at design speed with an inlet-air pressure

of 12 inches of mercury absolute and ambient temperature at weight
flows corresponding to those of the maximum weight-flow, peak-
efficlency, and surge points. The performance of each stage was
determined from the total-pressure and temperature distributions
measured in each stator-blade row.

A large radial gradlent in stage total-pressure ratio was set
up in the first stage so that near the surge operating point the
stage pressure ratio varied from slightly less than 1.00 at the hub

. to 1.20 near the tip, giving an average value of approximately 1.10

b : for the stage. The gradient of pressure ratio was reduced in the

} second stage and the average pressure ratio was approximately 1l.13

; at the surge point. With the exception of the fourth stage, the

‘ radial gradient of pressure ratio was reversed in all of the remain-

| ing stages with an average value of approximately 1.15 so that the

. gradient of total pressure set up in the first stage was graduaslly

: reduced to almost a constant total pressure at the compressor outlet.

| In the fourth stage, the pressure ratio was practically constant at

all radiil with an average stage pressure ratio of 1.15 at the surge

=" - '~ point: The high turnings required at the hub sections of the third,

* : fourth, and fifth stages in order to compensate for the low turnings

. at the hub of the first two stages appeared to have caused a region
of thick boundary layer with possible separation and backflow to
develop in these three intermediate stages.
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The comparison of the calculated and measured wall statlc pres-
sures after the last three stationary-blade rows indicated the gradual
build-up in blade wakes and wall boundary layers as the flow passed
through these blade rows. The data indicated that at the exit from
the outlet guide vanes the effective flow area was approximately
25 percent less than the geometrical annulus area as a result of the
effect of the blade wakes and wall boundary layers in blocking the
flow area.

For the present compressor, the radial distribution of tangential
velocity in each stage was such that the conditions of a symmetrical
velocity diagram were being approached at almost all sections.

INTRODUCTION

At the request of the Bureau of Aercnautics, Department of the
Navy, the NACA Lewis laboratory conducted an investigation to deter-
mine the performance characteristics of the X24C-2 ten-stage axial-
flow compressor. The final phase of the investigation relating to
the evaluation of the stage performance of the compressor is dis-
cussed herein. The over-all performance of the unit over a complete
speed rarnge at an inlet-alr pressure of 21 inches of mercury absolute
and ambient inlet-air temperature ls presented in reference 1l. The
effect of inlet-air pressure and temperature on the over-all per-
formance and the factors affecting the surge characteristics of the
compressor are presented in references 2 and 3, respectively.

The previously reported work on this compressor has been limited
principally to the over-all performance of the unit. Because a com-
plete evaluation and study of compressor performance requires a know-
ledge of the detailed flow conditions in each blade row of each stage
of the compressor, totel-pressure and tempersture instrumentation was

vﬂ  instelled in each stator row. The compressor stage performance as

ATy a5

determined from these measurements of total pressures and temperatures
is therefore presented herein. Space and time limitations and con-
sideration of the effect of the instrumentation on compressor per-
formance made it necessary to limit the amount of instrumentation used
to that essential for determination of stage performance, and to
restrict the instrumentation to a type that would not seriously affect
compregsor performance. During -the investigation, the compressor was
operated at design speed with an inlet-air pressure of 12 inches of
mercury absolute and ambient inlet-alr temperature with equivalent
ailr weight flows corresponding to those of the maximum weight-flow,
peak-efficlency, and surge points. The stage performance is presented
in terms of the measured stage pressure ratios and the calculated
velocity diagrams.
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The velocities after each blade row were determined by the method
of reference 4 from the measured total pressures and temperatures and
the relative flow angles. The flow angles out of the inlet gulide vanes

- were determined from the Investigation of reference 5. The relative
'flow angles out of all other blade rows were determined from the rule
of Carter and Hughes (reference 6).

APPARATUS AND INSTRUMENTATION
Apparatus

The compressor used in the present investigation was designed to
handle an air weight flow of 54.6 pounds per second and to develop a
pressure ratio of 4 at 12,00C rpm when operating at sea-level inlet
conditions. The compressor consisted of three major components: the
inlet section, the stator casing, and the rotor. The blading consisted
of a row of inlet guide vanes, 10 rows of rotor blades, 10 rows of
gtator blades, and a row of outlet guide vanes. A more complete
description of the compressor, including construction details and blade
i data, is presented in reference 1. In addition to the blade data
¢ presented in reference 1, the radial distributions of blade camber
‘ angle and blade inlet angle are presented in figures 1 and 2, res-
pectively, to give an indication of the blade configuration. The
g T camber angle is defined as the angle between the tangents to the
§ camber line at the leading end trailing edges of the airfoil. The
i: blade inlet angle is the angle between the tangent to the camber

line at the leading edge of the airfoil section and the compressor
axis. (All symbols used in the figures are defined in the appendix.)

The compressor was driven by a 9000-horsepower variable fre-

i . quency induction motor through a step-up gearbox. The alr passed

: - through a measuring orifice and a butterfly control valve in the inlet
J ducting into the screened depression tank before entering the com-
pregsor. A wooden bellmouth nozzle was fitted into the depression
tank to insure smooth air entry into the compressor. The air was
discharged from the compressor into a collector, which was connected
to the laboratory altitude-exhaust facilities through two discharge
ducts. During the present investigation, the compressor could not

- be insulated to minimize heat transfer between the working fluid and

- - - . the ambient air because of the large number of instruments installed
in the unit. The effect of this change in setup is indicated in the

data obtained. A more detailed description of the setup i1s given in

g ‘ reference 1.
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The air weight flow through the compressor was measured by a
callbrated, submerged adjustable orifice located in a straight section

" of the inlet ducting. The conditions of the air entering and leaving

the compressor were determined from the measurements described in
reference 1 and were made in accordance with the standard procedures

~outlined in reference 7. In addition, measurements of static pres-

sures at the outer wall of the annular flow passage were taken before
and after each blade row as an Indication of static-pressure rise

through the compressor.

The interstage instrumentation installed specifically for this
investigation consisted of three total-pressure rakes and three
total-temperature rakes (fig. 3) located midway between ad jacent
stator blades and midway along the blade chord in each stator row.
The three temperature rakes and the three pressure rakes were located
approximately 120° apart circumferentially. ZEach rake contained
three radlal measuring statlons, which were located at the area
centers of equal elements of annular aresa.

The total-pressure rake (fig. 3(a)) was made up of three tubes
having a 0.030-inch outer diameter enclosed in a 3/16-inch tube
flattened to & minimum inside dimension of 0.03C inch or an outside
dimension of 0.075 inch. The 0.030-inch tubes were located as des-
cribed and then silver-socldered in place. Each of the memsuring
statlons was separated from the others by silver-solder partitions
inside the tubse.

The total-temperature rake (fig. 3(b)) consisted of three thermo-
couples located in a S/ls-inch tube flattened to an outside dimension
of 0.075 inch. Fiber partitions were used to separate adJjacent meas-
uring stations so as to prevent air leakage between stations. The
outer dimensions of the temperature and pressure rakes were the same.

All temperatures were measured with calibrated iron-constantan
thermocouples. All interstage total-pressure rakes were connected to
read the difference in pressure across a stage. These differences
were meagsured on a common-well manometer with tetrabromoethane as the
measuring fluid.

METHODS

The radial distribution of velocity after each blade row was
determined by the method of reference 4, which requires a knowledge
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of the total pressures, temperatures, and relative flow-angle dis-
tributions at & given mass flow. The method is based on a simul-
taneous solutlion of the energy and continuity equations. In deter-

‘mining the velocity distribution after a stator-blade row, the
method was developed with the assumption that the condition of simple
radial equilibrium was satisfied and that the entropy was constant
along the radius after a stator-blade row. The assumption of con-.

. stant entropy restricts the analysis to the determination of velocities
in regions outside the boundary layers. The procedure used in cal-
culating the velocity distribution after a rotor is general, however,
in that the radlal displacement of the flow in passing through the
rotor was considered and the assumption of constant entropy was

! unnecessary.

~gTST

{ It was found that the method was unsatisfactory for determining
accurate values of velocity in several of the blade rows at certain
operating points. In some instances, 1t was necessary to revise the
method slightly so as to obtain velocity trends. The fact that the
method was inapplicable in some blade rows indicates that the flow
in these blade rows did not satisfy the 1deal assumptions made in
the method. The flow conditions that make the method invalid will
be discussed in dstall in the section "Results and Discussion."

Although the measurements of the totel pressures and temperatures
were made within the stator rows, it was assumed that the distributions
of these quantities at the inlet and outlet of the blade rows were
the same as those indicated by the instruments; that is, viscosity
and heat-transfer losses and radial shifts in the energy distribution
were neglected within the stator rows. The sffects of the hub- and
tip-wall boundary layers that would result from wall friction were

. completely neglected in the calculations. The effects of blade wakes
resulting from friction along the blade surfaces were also neglected
in determining the velocities out of the stationary-blade rows. It
is believed, however, that the effects of the wakes on the integrated
energy level and therefore on the effective flow area after the rotor
blades were partly indicated on the instrument readings in the stator
rows so that some mean velocity distribution was calculated after the
rotor rows. The observed values of total pressure and temperature
at the measuring stations in each blade row were extrapolated to the
hub and tip sections to provide data at these sections.

s i Sy e e

] The flow angles at the exit from the inlet guide vanes were

- determined from the three-dimensional cascade investigation of refer-
- ence 5, assuming that the effect of the rotor on these angles would be
small. At the peak-efficiency point, the relative flow angles out

of each blade row, except the inlet guide vanes, were determined by
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the rule of Carter and Hughes (reference 6) using the known blade
geometry. The use of the Carter and Hughes rule assumes that each
blade row is operating near the design angle of incidence. In order
to determine the flow angles for the maximum weight flow and surge
points, it was assumed that the variation of turning angle with
angle of incidence was a straight line of slope 0.9 passing through
the point determined for the peak-efficiency operating condition;
that is, a 1° change in the angle of incidence caused a 0.9° change
in turning angle. In the actual case, the slope of the line
variation of incidence and turning angle has been found to vary with
solidity, stagger, end blade shape.  The assumption of the straight-
line variation implies that the high and low incidence values, at

‘which a large drop in turning angle (stall) occurs, are never encoun-

tered for the range of conditions investigated here. An indication
of the effect of errors in flow angle is shown in reference 4. An
error of 2° in the angle out of the fourth-rotor discharge resulted
in a maximum error of 1.5 percent in the axial velocity.

Because the derivation of the basic calculation method for the
stator rows was completely independent of conditions upstream of
these blade rows and because of the method of determining flow angle,
the calculation of the velocities out of the stator was only slightly
affected by conditions upstream of the stator rows. Any errors
that arose in the calculation of the rotor-exit velocities would
therefore not be accumulative. '

RESULTS AND DISCUSSION

Over-All Performance of Compressor at Survey Points

The over-all performance of the compressor operating'at the
design speed with an inlet-air pressure of 12 inches of mercury

- absolute and ambient inlet-air temperature with the interstage Iinstru-

mentation installed is compared with the performance with no instru-
mentation (determined from reference 2) in figure 4. Before the
stage-performance investigation was run, however, a failure of one
of the setup parts caused the rotor-blade tips to rub slightly and
made 1t necessary to replace the outlet guide vanes. The effect of
_the failure as indicated in reference 2 was small. The differences
in performance shown in figure 4 are therefore caused principally
by the effect of interstage instrumentation and also by possible
effects of heat transfer. During the investigation of reference 2,
the compressor was lnsulated to minimize external heat transfer,
whereas it was not insulated in ths present investigation. The
indicated performance of the compressor with the instrumentation

CONSNINNREN
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installed appears to have been increased slightly as evidenced by

the increase in maximum efficiency from 0.79 to 0.80 (fig. 4(a))

and the increase in total-pressure ratio from 3.30 to 3.46

(fig. 4(b)). The effect on efficiency appears to be in the direction
expected of a heat-transfer effect. The effect on pressure ratio,
however, indicates that the effect of the instruments is to improve
the stage-matching characteristics of the compressor, giving a higher
over-all pressure ratio than was obitained without interstage instru-
ments. The effect of the instrumentation on the maximum equivalent
weight flow is negligible, however.

Measured Interstage Data and Stage Pressure Ratios

The measured interstage total pressures and temperatures for
the peak-efficiency point are presented in figure 5 as ratios of the
measured interstage values to the compressor-inlet pressure to indicate
the trends and the extent of the observed date. The extrapolations
of the pressure and temperature data to the hub and tip sections are
also shown to indicate the values used at these locations in the
calculation of the interstage velocities. Throughout the compressor,
the total pressure is lower near the hub than near the tip
(fig. 5(a)). The maximum gradient of total pressure occurs in the
middle stages. The total pressure in the tenth stator is practically
constant with a maximum variation of less than 2 percent. Similar
trends of measured total pressures were followed at the maximum
welght-flow and surge operating points in all stages except the tenth
stator. In this blade row, the total pressure decreases from hub
to tip for the maximum weight-flow point and increases from hub to
tip at the surge point.

The trends of the measured total-temperature distributions _
generally follow those of the total pressures in the first five stages
of the compressor (fig. 5(b)). On the basis of the data obtained,

. however, 1t appears that a minimum temperature occurs near the mid-

span of the passage annulus in the last five stages. In every case,
however, the maximum temperature occurs near the tip. The temperature
trends indicated in figure 5(b) are similar in shape to those at the

maximum weight-flow and surge points.

e :951Dg the totel pressures measured in each stator row, the stage

total-pressure ratios were calculated and are plotted in figure 6 at
the three measuring stations as functions of the compressor~inlet
equivalent weight flow. The pressure ratios of all except the first
stage were determined by dividing the measured pressure at any
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station by the measured pressure at the corresponding measuring
station in the previous stage. The first-stage pressure ratio was
obtained by dividing the pressure measured in the first stator by
the pressure in the depression tank. In the first stage, the
arithmetically averaged pressure ratio at the surge point was 1.10
and in the second stage, approximately 1.13. In all other steges,
the average stage pressure ratio was approximately 1.15.

From figure 6, 1t can be seen that a large radial gradient in
total-pressure ratio from a value of less than 1.00 at the hub to
1.20 at the outer measuring station at the surge point is set up
in the first stage. Inasmuch as the first rotor hub was designed
to do no work and the first-stage pressure ratio includes inlet
losses, the pressure ratio of less than 1.00 near the hub indlcates
inlet losses or a turbine-like effect. A turbine-like effect was
indicated by the slightly negative incidence angle at this blade
section.

The radial variatlon of stage pressure ratio set up in the first
stage is seen to be reversed in the third stage so that, except for
the surge point, a higher stage pressure ratio was obtained at the
hub section than at the tip. In the fourth stage, the pressure ratio
was practically constant at all radial positions. ZFrom the fifth
stage on, a greater stage pressure ratlo occurred at the hub than at
the tip, so that the large gradient of total pressure set up in the
first stage was gradually reduced to almost a constant value of total
pressure at all radii in the last stage. The reversal in the radial
gradient of total-pressure ratio was accomplished primarily by a
reversal in the camber distribution (fig. 1).

The variation of stage pressure ratio with weight flow is slight
in the initial stages but increases after the fifth stage such that the
pressure ratio is noticeably increased as the weight flow 1s reduced
from the maximum flow to the peak-efficiency point. At flows below
that at the peak-efficiency point, the pressure ratio in each of the
later stages appears to be leveling off. Thus it appears that the
drop in stage pressure ratio between the peak-efficiency and surge

‘points in the early stages cannot be entirely recovered by the later

stages. It should be remembered that in the curves of figure 8, the
compressor-inlet-air conditions were used to determine the equivalent

-~welght flow. If the conditions at the inlet to each blade row had

been used as the welght-flow parameter, the Indicated range of weight
flow at the high-pressure regions would have been extended as is the
range of angle of attack in these blade rows. The trends would,
however, be the same as those shown in figure 6. '
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Veloclty-Diagram Calculations
Conmparison of measured and calculated wall static pressures. - An

indication of the accuracy of the velocity calculations was made by
comparing the calculated static pressure at the tip section of each
blade row with the measured value at this section at the peak-efficlency
operating condition in figure 7. The static pressures are presented
as the ratio of the static pressure at each station to the compressor-
inlet total pressure. The radial distribution of static pressure
was calculated from the measured radial distributions of total pres-
sure and total iemperature and the calculated distribution of velocity
after each blade row. Circumferential variations in measured static
pressure between bladeg were assumed to be small. The varlation from
one measuring station to the next was slso neglected because the

variation of total pressure at the three circumferentiasl measuring
statlons was small.

At the rotor discharge, the calculated static pressures checked
the measured pressures within 2 to 4 percent in the first five blade
rows and within 2 percent in the last four rows (fig. 7(a)). These
errors are equivalent to 1 to 14 percent of the velocity head in the
first five rotors and 1 to 6 percent of the velocity head in the last
four rotors. A leak in the manometer tube made it impossible to
measure the wall statlc pressure after the sixth rotor. In the
stators, the difference between the measured and calculated wall
static pressures was 1 to 3 percent in the first eight rows, with a
difference of 5 percent in the last two rows. As percentages of
the velocity head, these differences in static pressures were equl-
valent to a variation of 5 to 15 percent in the first eight stators
ﬁ wlth progressively increasing differences of 25, 45, and 74 percent
] ’ in the ninth stator, tenth stator, and outlet guide vanes, respectively.

Although the agreement of the static pressures in the third,
fourth, and fifth stators is fairly good at the pesk-efficlency point,
it was found that at the surge point the continuity equation could
not be satisfled in these blade rows. The revised calculation pro-
‘ cedure used at the surge point resulted in a calculated static pres-
3 sure that was slightly lower than the measured value. The pro-

gressively increasing errors in the last three stationary blade

rows of the compressor indicate the sccumulation of wakes and bound-
= -ary layers in the latter stages of the compregssor, thus maeking the

calculation method inapplicable in these stator rows. As indicated

~earlier, the effects of wakes after the rotor rows are distributed .

over the full annulus area by the measurements in the stator rows.
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General trends of velocity diagrams. - The calculated values of

the velocities and flow angles along three. streamlines through the
" compressor are presented in table I for the three operating points

investigated. The streamlines are determined as the lines passing
through the centers of three equal increments of mass flow. The
i streamline near the hub is designated a; near the mean section, b;
A end near the tip, c. The radial positions (table I) of the stream-
lines before and after each rotor-blade row indicate that the flow
i N is displaced radially inward in the rotor and outwerd in the stator
X with the largest displacements occurring along streamline a. Because
; the magnitudes of these displacements depend to a large extent on
the boundary-layer configurations along the annulus walls, which
were not deteérmined in the present investigation, the magnitudes of
the displacements cannot be accurately evaluated. The calculations
indicate, however, that there 1s a definite oscillatory motion
throughout the compressor,as denoted in reference 8.

Because the general trends of the velocity dlstributions are
similar at the three operating points, figure 8 presents the cal-
culated velocity diagrams along the three streamlines through the
compressor at the peak-efficiency point. A sample vector diagram
ig presented in figure 9 to clarify the locations of the velocities
and the nomenclature used.

L O R~ . vy

* With the exception of the tenth stage the radial distribution
of the exit flow angle of each blade row is such that the relative
tangential velocity entering the rotor is approximately equal to
the tangential velocity entering the stator; the relative tangential
velocity leaving the rotor and the tangential velocity leaving the
stator are algo approximately equal at all radii. The radial distri-
bution of tangential velocity throughout the compressor therefore
approaches that required of a symmetrical veloclty diagram. When the
conditions of a symmetrical velocity dlagram at all radil are imposed on
the tangential velocity, a mean velocity distribution similar to a
wheel-type flow design resulis. In all rotors except the ninth, the
blade speed and the radial distributlion of blade exit angle combine to
cause the absolute tangential veloclity to increase with radius. In the
ninth rotor, there is a minimum value of absolute tangentiael velocity
at the mean section; however, the over-all variatlon from hub to tip

- 1s only 6 percent.

)
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The calculations of axial velocity after the stators indicate =
radial gradient in axial veloclty, increasing from hub to tip, after
el gtator rows from the flrst to the seventh stages. The radial
variations of axial velocity leaving the eighth and ninth stetors
are small. After the tenth stator, the axial velocity is practically
constant.
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777 Velocity diagrams in first and second stages. - The rotor blades
‘used in the first two stages were identical, as indicated in figure 1,

and differed appreciably from all other rotor blades. Therefore, as
was shown in figure 6, the radial gradient of work (increasing from
hub to tip) in these first two stages differed from that in 211 other
stages. Although the blade profiles wers ldentical, differences in
the distributions of the angle of incldence cause the radial gradient
of work in the second rotor to be slight when compared with the gradi-

ent In the first rotor.

Ag indicated in figure 8, the radial distribution of turning
angle in the inlet guide vanés is such as to give a linear distri-
bution of flow angle into the first rotor with the flow angle increas-
ing from hub to tip. The angle of incidence at the peak-efficiency
point (determined from the flow angle and the blade inlet angle
presented in fig. 2) at the first rotor varies from a small negative
value near the hub to approximately 10° near the tip. The camber
angle varied approximately 8° across the annulus in the first rotor
(fig. 1) with the hub section having & symmetrical airfoil section;
thus the large gradient of work (increasing from hub to tip) in the
first rotor row was accomplished by the combination of the variation
of inlet flow angle or angle of incidence and the variation of camber
angle. The slightly negative incidence angle at streamline a 1n the
first rotor indicates a slight turblne-like effect at this section,
as is also indlicated in figure 6.

At the peak-efficiency point, the radial distribution of relative
velocity leaving the first rotor is such that the following stator
row is operating at very small angles of incidence at all radii. The
change in the angular momentum in the first stator increases gradually
from hub to tip in accordance with the distribution of camber presented
in figure 1. It is the combination of this camber distribution and the
axial-veloclity distribution set up by the first rotor that causes the
radial distribution of angle of incidence into the second rotor to be
gpproximately uniform along the radius. The difference in the work
distribution between the first and second stages is attributed entirely
to the change in the radial distribution of angle of incidence.

Velocity diagrams in third, fourth, and fifth stages. - The
third, fourth, and fifth stages are discussed as a group because the

" rotor-blade sections are identical and the stators are similar, and
"Decavse it was in the stator rows of thése stages that the cal-

culation method could not be satisfactorily applied to determine the
axial-velocity distributions at the surge point. The indications are
that thick boundary layers accumulate in the hub region of these
stages causing the flow to separate from the blades and recirculate
back into the blade row.
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The velocities in the stator rows of these stages have almost
identical distributions, as shown in figures 8(c) to (e), with low
values of velocity at a and high values at c¢. In order to give a
more complete description of the unusual velocity trends in the
third, fourth, and fifth stators, the radial distribution of axial
velocity after the fourth stator is presented in figure 10 as the
ratic of axial velocity to rotor-blade tip speed for the three
operating points investigated. Also shown is the radial distribution
of axial velocity at the surge point that would occur if the annular
passage were reduced to an "equivalent" annulus that passed the
measured weight flow when the axial velocity at the equivalent hub
was zero. The difference in radius between the geometrical hub and
the equivalent hub was 0.425 inch corresponding to approximately
10 percent of the blade height. Thus, in effect, an indication of
the extent of the boundary layer near the hub was obtained. Because
of the thin trailing edges (0.010 in.) of the airfoil sections used,
it is believed that the effect of blade wakes on effective flow area
was small except in the regions where boundary-layer separation
occurred 1n the blade surfaces and interacted with the annulus wall
boundary layer. If boundary layers were completely neglected, it
would be necessary to assume imaginary values of velocity near the
stator hub in order that the measured weight flow and the weight
flow determined by integrating the velocity curve be equal at the
surge point. For this reason, the calculation procedure presented
in reference 4 was revised for application to the third, fourth,
eand fifth stators at the surge point. The revision consisted in
neglecting the continuity requirement so that the velocities after
the third, fourth, and fifth stators were determined by assuming
that the axial velocity at the hub was zero. The velocity dis-
tributions shown in table I at the surge point for the third, fourth,
and fifth stators therefore result in weight flows that differ by
8 percent, 14 percent, and 7 percent, respectively, from the measured
weight flows. The determination of the equivalent hub dimension
assumes that no flow passed through the annular region between the
annular hub and the equivalent hub. If & recirculating flow existed
near the hub such that the flow was toward the compressor inlet at
the hub section, the point at which the axial velocity is zero would
actually be closer to the hub than the equivalent hub radius indicated
in figure 10. Whereas the axial-velocity distribution determined from
the revised calculation method at the surge point gave a calculated
wall static pressure that was slightly lower than the measured pres-
sure, the velocity distribution for the equivalent annulus gave a
- calculated pressure slightly higher than the measured value, Indicating
that the velocities were low. Therefore, as was expected, the effects
of boundary layers have not been completely evalusted by the equivalent
hub calculation.
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A domparison of the curves of figure 10 indicates that & decrease

in weight flow from maximum to surge results in a large decrease in
the axial velocity in the inner portion of the annular passage and
a slight increase in axial velocity near the tip. On the basis of
the available data, 1t appears that as the weight flow is decreased,
the boundary layer builds up until, at surge, the boundary layer
separates and a recirculating flow occurs in the hub region. In
order to determine the effect on the calculated velocities of an
error in assumed flow angle, which would result if separation occurred,
the turning angle at the hub of the fourth stator was decreased by 5°
at the surge point. Because the effect of this change on the axial-
veloclty distribution was negligible, the velocity distribution was
affected by the reduction in the effective flow area resulting from
the increased boundary layer and blade wakes near the hub and not
by the changes in the flow angles that might result if separation
occurred in the stator. Because the unusual +trends existed in the
three stages simultaneously, the high camber angles (fig. 1) at the
hub section in these rotors and stators required to compensate for
the low turning at the hub sections of the first two rotors may have
been the principle cause of the difficulty. Thus it appears that
the large gradient of work set up in the first rotor cannot be
reversed as rapidly as 1t was in the present case.

Velocity diagrams in sixth, seventh, and eighth stages. - Although
the general trends of velocity in the sixth, seventh, and eighth stages
are similar to those in the three preceding stages, it is of interest
to note from figure 8 that the large radial gradients of velocity
set up in the third, fourth, and fifth stators are gradually reduced
ln these stages. It appears that the reduced camber angles at the
hub of these stages make 1t possible to operate efficlently even at
the somewhat high values of incidence that result from the low axial
velocities entering the hub section of the sixth rotor. Thse measured
data therefore indicate that even if certain blade rows are operating
at unfavorable conditions, succeeding stages can be designed so as to
cause the flow to smooth out and return to a satisfactory dlstribution.

Velocity diagrams in ninth and tenth stages. - The progressively
increasing differences between the measured and calculated wall static
pressures (fig. 7(b)) in the last three stationary-blade rows of the
compressor, indlcate the accumulation of blade wakes and wall boundary
layers in these last three blade rows. Part of the boundary-layer

o

- accumulation may ¥&stilt™from Separation and backflow at the hub sec-

tions of the ninth and.tenth stages similar to that which occurred in
the third, fourth, and fifth stages. The extremely large errors in
wall static pressures and the nearly constent total pressure after
the tenth stator (fig. S(a)) indicate large reductions in effective
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flow areas resulting primarily from wakes. Calculations based on the
differences between the measured and calculated statlic pressures

have indicated that wakes, .boundary- layers, or recirculating flows
caused a-reductiod in effective flow area of 15 percent of the

" geometrical annulus area after the tenth stator and 25 percent after

the outlet guide vanes. The fact that the wall static pressures after
the rotors in these later stages do not indicate large errors

(fig. 7(a)) serves to emphasize the 1mportance of the blade wakes

in reducing the effective flow area. The wakes after the rotors are
-indirectly accounted for by the measured total pressures but the wakes
after the stators are completely neglected. The calculations after
the rotors therefore give some mean value of velocity distribution.

With the exception of the tenth stator, the last two stages are
operating at moderate angles of incidence at all radii at the peak-
efficiency point. The angle of incidence at the hub of the tenth
stator, however, is approximately -14°. The combination of this large
negetive incidence and the high stagger of this blade row mekes it
appear likely that this section is either stalling or is approaching
a stall condition.

The Reynolds numbers determined from the calculated velocity
distributions indicate values that vary from 100,000 to 180,000 with
the lowest Reynolds numbers occurring in the initial stages. The
date presented in reference 9 indicate that the initial stages of the
Present compressor may be operating in the critical Reynolds number
range, in which a slight chenge in Reynolds number causes a large
change 1n performasnce. It should be noted that the effective Reynolds
numbers in the later stages of the compressor are even higher than
those calculated because of the turbulence that develops through the
cCompressor.

SUMMARY OF RESULTS

The results of the investigation of the stage performance of
the X24C-2 ten-stage axial-flow compressor at the design speed are
sumarized as follows.

1. The average stage total-pressure ratio at the surge operating
condition in the first stage was approximately 1.10 and in the second
stage was approximately 1.13. In all the remaining stages, the
average total-pressure ratio at the surge point was approximately
constant at a value of 1.15. .-
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2. The large radial gradient of stage pressure ratio, increassging
from less than 1.00 at the hub to 1.20 near the tip at the surge
point, set up in the first stage was reduced in the second stage. In
all stages after the second stage, with the exception of the fourth
stage, the radial gradient of stage pressure ratio set up in the first
stage was reversed by a reversal in the radial distribution of camber
angle so that the large gradient of total pressure set up in the first
stage was gradually reduced to almost a comstant total pressure at

the compressor outlet. The stage pressure ratio in the fourth stage
was practically constant at all radii.

<

©STET

3. The high turnings required at the hub of the third, fourth,
and fifth stages in order to compensate for the low turnings in the
first two stages appeared to cause the graduval build-up in boundary
layer as the weight flow was reduced until at the surge point, the
boundary layer separated and & recirculating flow occurred in these
highly loaded blade sections.

4. The data indicated the accumulation of blade wakes and boundary
layers in the last three stationary blade rows of the compressor
causing the effective flow area after the outlet gulde vanes to be
reduced by approximately 25 percent of the geometrical annulus area
at the peak-efficiency point. The effect of the blade wakes appears
to be of primary importance.

a

"
i

e
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5. The radial distribution of tangential velocity in each stage

was such that the conditions of a symmetrical velocity dlagram were
being approached at almost all sections.

<
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APPENDIX - SYMBOLS

The following symbols are used in the figures:

incidence angle, angle between blade inlet and ailr direction, deg

total pressure, lb/sq ft absolute
static pressure, lb/sq ft absolute
radius, ft

total temperature, °R

blade element speed, ft/sec

absolute air velocity, ft/sec

velocity relative to rotor row, ft/sec

weight flow, 1b/sec

camber angle, deg

angle between absolute velocity and axial direction, deg
angle between relative air velocity and axiel direction, deg

ratio of inlet-air total pressure to NACA standard sea-level
pressure

adiabatic temperature-rise efficiency

blade inlet angle, angle between camber line at leading edge of
girfoll and-axial direction, deg

ratio of inlet-alr total temperature to NACA standard sea-level
temperature '

Subscripts:

" compressor inlet

Ai_
e}

t

compresgor outlet

tip



NACA RM SESOEOL SN 18

z ué;ial

6 tangential
1 rotor inlet
2 stator inlet or rotor outlet

3 stator outlet (equivalent to following rotor inlet)
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‘.INDﬁX OF FIGURES

Figure 1. - Radial veriation of camber angle for all blade rows.
(a) Rotor blades. '
(b) Stator blades.

Figure 2. - Radlal variation of blade inlet angle for all blade rows.
(a) Rotor blades.
(b) Stator blades.

Figure 3. - Interstage measuring probe.
(a) Total-pressure rake.
(v) Total-temperature rake.

Figure 4. - Over-all performence of ten-stage compressor at three
survey points showing effect of instrumentation.

Figure 5. - Performence data measured in each stator row at compressor
peak-efficlency operating point.
(a) Variation of measured total-pressure ratio with radius ratio.
(b) Variation of measured total-temperature ratio with radius ratio.

Figure 6. - Variation of stage total-pressure ratio with compressor-
inlet equivalent weight flow at three radial measuring stations
for all stages.

Figure 7. - Comparison of calculated static-pressure distribution
with measured wall static pressures at peak-efficiency point.
(a) After rotor rows.

(b) After stator rows.

Figure 8. - Vector diagrams for all stages at peak-efficlency oper-
ating point for the three streamlines determined.
(a) FPirst stage. :
(b) Second stage-
(¢c) Third stage.
(d) Fourth stage.
(e) Fifth stage.
(£) sixth stage.
{g) Seventh stage.
(h) Eighth stage. .. . .. ooin o o e e
(1) Ninth stage.
(3) Tenth stage.
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Figure 9. - Velocity-diagram notation.

Figure 10. - Radial distribution of axial velocity after fourth

stator for various weight flows showing effect of boundary layer
at hub at surge.
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DISTRIBUTION ON STREAMLINES a, b, AND ¢l
- e AT ¥
t s ’ 7
Rotor | Y1 [ T2 [ Vi |Y2 | V1| V2 |Y21|"2,2( 6,1 Y,2Y0,1 0,2) B | B | BT | B5%
number | T, | T, [ U | U | Tp | T 7T U0 Uy UtJ U, |(deg)| (deg) |(deg) |(deg)
Peak-efficiency point - Concluded
6a |0.72/0.71]|0.44]0.6310.63|C.46{ 0.38|0.40|0.22] 0.48} 0.50] 0.23] 30 50 53 29
b .86 .84 .59 .68] .69 .55 47| .45( .35 .52 .51 .32| 37 49 L7 36
c .96 .95| .68] .75| .76] .60 .53} 47| .42| .58| .s56) .37| 38 51 45 38
Ta sl os72l w6l .65 J6h| .s3] .39| (46| .23] (46| .50 .26] 31 4s 53 29
b .86 .84| .57 .67 .69 .s2[ .4s| .b1i| .35/ .53f .51} .31| 37 s2 kg 37
c L9601 .95] .64{ 73| .74 .58 .49 .45| .k1| .58| .55| .37| 40 52 48 4o
8a 750 75| 48] .66 .64| .s2 (haj Jhh| 25| 48| .50| .27( 32 48 . [ 51 31
b .87] .86] .56/ .68] .68} .53 .44} .42 .35] .53} .52 .33] 39 51 L9 38
c .96 .961 .62 .72| .72| .58 47| 44| .M1] .57 .s5h4| .3B| k42 53 49 41
%a JTTI .78| .48( .681 .69 48] 43| .42 .22{ .5k .55( .24 27 52 52 30
b .87/ .88] .55 .69] .71] .59 .45} .46] .32| .51} .55 .37} 35 48 51 39
c L96| .S6| 59| .71l .70| .63} .u3] b7 .4O| .S5H| .56| .k2| 43 49 52 L2
10a L7910 771 .50( W74 .71l .65 44| .57| .23| 47| .56| .30 27 39 52 28
D .88| .86 .53) .68| .72| .46 44| .36] .30 .57| .57| .29| 35 58 53 39
c 961 .961 .56{ .71| .72| .50l .42 .36| .37| .61 .59| .35 42 60 55 Ll
20.G.V.a .78 .79] L9l .36 .39 .36 .30 .03 38 5
b .88| .88 .49| .38 .39 .38] .30; .03 38 5
c .96] .96| .4g| .ho .390 .Lo| .30 .ok 38 5
Surge point
la |0.60/0.63/0.66]/0.63][0.69|0.59]0.61|0.52]|0.26{0.35}0.34|0.27] 23 3k 30 28
b .78] .81| .63] .73] .7u4| .66| .55 .56] .29| .ue| .u9| .3h| 28 Lo 41 31
c .93] .9%| .61 .80| .83 .71| .53} .59 .29 .5k .6k} .ho| 29 43 50 3L
2a 64l .63 .53| .58| .60| .53 .46| .46} .26] .36 .37| .27| 30 38 39 31
b .82] .81| .66| .69| .71 .63 .55 .52] .36| .46| .45| .35 3h b Lo 3h
c .95| oMl .7k} 76! .79| .65] .60| .52| .43 .55 .51] .39| 36 47 ho 37
3a L66| L6101 JLhi 65| .64| .sh| 41| .s50| .17| .41| .k9} .20| 23 Lo 50 22
b .83 .79l .61 .é6| .72! .51 .52 .43| .33{ .9l .50/ .28| 32 50 Il 34
c .95 .9k .71| .75| .78| .54 .57| .43] .42| .61] .53 .33} 37 55 L3 37
kg 68| .65] .48| .60| .63] .33| .43| .30| .22| .s52| .47| .13| 27 60 L7 23
b .Bk| .83( .64 .69 .72! .50{ .53{ .%1{ .35( .55/ .49| .28 34 53 43 34
c .95} .95| .71| .76| .80| .67| .58] .53| .hO| .5M| .s55| .41| 35 46 43 38
5a .71 .67| .50| .63] .63| .38] .44l .35] .24 .52 .u6| .15| 29 56 g 23
b .85 .83] .66 .69 .71| .53 .54 .h4| .38] .53 .47l .30{ 35 50 N} 34
c .95¢ .95{ .73 .7%| .78| .54 .58 .u2| .u3| .61 .52| .34 37 56 42 39
6a TR 7| Jb7po.e2| 63] .38) LJB1| .33] .2 .52] .50 .19| 31 58 S1 30
b .86] .85] .62] .69] .70; .51] .s0| .ki} .37/ .55] .49) .30| 37 5k 45 36
c .96] .96| .69] .75{ .76] .59{ .sW .u7| .43] .59| .s53| .37| 38 52 Ll 38
Ta 76| 73| J4b| L63) .6h| Jbol .37 .34 .24 .53] .52| .20} 33 57 55 31
b .87 .85] .58} .68 .69]. .5kl .hs| 43| .35 .53 .52} .32| 38 51 49 37
c .96{ .95| .64 .74 .74| .53] .49} .41} .h1| .61] .55; .34| kO 56 W8 L0
8a LT6| 76 L4 68| (64 B4 34 (37| .22 .52] .54{ .23} 33 55 58 32
b .87| .87| .s4| .68| .68] .s2| .42| ko[ .33} .5k .54 .32| 38 53 52 39
c 961 .961 .60| .73| .71] .53 .a4 .sol .ho| .61 .56 .35| 42| 57T | 52 | 41
9a .78! 77! kol .68f .68] .u2{ .35 .36] .19] .57 .59] .20{ .29} 57 | 59 29
b .88| .87] .s1| .68 .71| .50 .4i| .39] .30]..56{ .58! 31| 36 55 54 39
c .96] .96] .58{ .71 .70| .57| -.b42f-.42| (ko[ .58 .56| .38| 43 sh 53 42
108 | .79 .77| .hol .69 70| .52| .36 .b5| .19} .52 .60 .25| 28| L9 | 59 | 29
.. B89 .86 .s0f .69 .71 .39| .40l .30] .29| .62| .59| .25{ 36 6L 56 39
c L96( .96{ .s5h{ .71[ .72{ .50 .4Oj .36{ .37[ .61l| .60| .35 k2 60 56 Ly
20.6.v.a | .79| .80} .39] .27 .31 .24 .03 38 5
b .89 .89 .43| .3 .3k 271 .03 38 5
c 960 .97 .46| .%O .37 .28 .oﬂ 38 5
" NACA -~
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(b) Stator blades.

- Radial variation of camber angle for all blade rows.

Figure 1.
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Figure 4, - Over-all performance of
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points showing effect of instrumentation.
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Ratio of measured total temperature to inlet total temperature, T/T
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